Unobtrusive medical instrumentation is a key in continuous patient monitoring. To increase compliance, multi-functional sensor concepts and measurement sites different from gold-standards are used. In this work, we aim to combine both approaches. We focus on minimally spaced electrode positions with high signal correlations to gold-standards. We present twofold experimental data from six and eleven healthy volunteers and provide chest positions with individual correlations up to 0.83 ± 0.06 for ECG and 0.73 ± 0.28 for the respiratory frequency. Using a performance index, we assess positions with correlations up to 0.77 ± 0.12 for ECG and 0.65 ± 0.35 for the respiratory frequency with 24 mm electrode distance.
Introduction
In recent years, a strong trend towards the development of unobtrusive medical instrumentation is evident [1] . Especially in the context of home monitoring, patient acceptance is a key aspect for acquiring continuous data.
Increasing miniaturization, integration and focus on acceptance comes at the cost of potentially using uncommon measurement sites. In the electrocardiogram (ECG) case, the electrodes in standard lead systems are spaced far apart, thus reducing comfort and needing body-spanning wiring. To increase compactness, different measurement sites and plaster approaches have been proposed [2] . Another concept is to extract parameters from other biosignals by using multi-functional sensors [3] . A prominent example is the estimation of respiratory signals from the ECG, the ECG derived respiration (EDR).
For ECG it was shown that diagonal electrode pairs around the positions V2 to V4 provide the best QRScomplex and P-wave detection [4] . Using the ePatch system, clinically usable ECG recordings at the sternum were generated and extracting a derived 12-lead ECG from three systems at three different positions was possible [5] .
Different methods are available for directly and indirectly assessing the respiration pattern. Most methods use the exhaled air by attaching a sensor to the airways [6] . If, however, an ECG signal is available, an estimate of the respiratory signals can be derived, potentially making other sensors obsolete. When analyzing lead positions with respect to EDR quality, locations at the standard positions V1 and V2 and above did show best results [7, 8] .
In this work we aim to contribute to the field of unobtrusive medical monitors. With focus on multi-functional sensors we provide recording sites on the chest with both high correlation to standard ECG leads and good EDR performance. We present twofold experimental results with the goal of determining optimal chest positions for minimally spaced single-lead ECG recordings and EDR extraction, thus combining the two described approaches of localization and multi-functional electrodes.
Methods
We first recorded the ECG at 27 differential chest positions, organized in nine groups as shown in Figure 1 , along with Einthoven leads I, II and III. The horizontal electrode distance was 24 mm, the vertical distance was defined by the intercostal spaces. We measured six healthy (1) The EDR derived from the heart rate variability (HRV) [9] was calculated as the time difference between the R peaks in the QRS complex as given by Equation 1.
(2) The QRS amplitude strongly correlates to the respiration. As non-standard QRS-complexes are expected in the recorded data and the R-to-S amplitude is more reliable than the R-to-baseline amplitude [10] , the EDR value was calculated as the R-to-minimum value in 250 ms window around the R-peak as given in Equation 2.
(3) The third algorithm implemented is based on the linear PCA. Windows of 250 ms around each R-peak are used to cut out and combine QRS complexes. The eigenvector of the covariance matrix with the largest eigenvalue was calculated using PCA, which strongly corresponds to the respiratory signal [11] . 
Results
The results of the first experimental stage are given in Table 1 . They are organized along the 27 minimal lead positions which are further divided into nine groups with three minimally spaced leads each. For each of these positions, the correlation coefficients to the three standard For the next experimental stage we chose the three groups which contain the minimal lead with the highest correlation to a particular Einthoven lead; namely group C, D and F. In addition, we chose group B and G, as they contain potentially interesting positions for unobtrusive sensing applications. Figure 3 shows a recorded minimally spaced ECG signal along with the reference respiratory signals, the three EDR estimations thereof and the windowed respiratory frequency derived from all four respiratory signals.
The MSC values between the reference signal and the EDRs are given in Table 2 . The derived values are in the same range for all positions and show a high maximum coherence in the analyzed frequency band. The highest mean coherence was found for the positions C.III, F.II and G.III (0.85 ± 0.09 each). Regarding the EDR methods, the linear PCA outperformed the two other methods on average, closely followed by the QRS amplitude concept. The correlation between the windowed respiratory frequency derived from the reference signal and the EDR signals show higher dependencies on the positions as given in Table 3 . The three strongest correlating positions are C.II (0.73 ± 0.28), C.III (0.69 ± 0.28) and F.III (0.67 ± 0.33). Here, the linear PCA method outperformed the two other methods to a much higher degree, followed by the QRS amplitude concept. 
Discussion
Minimally spaced electrodes as defined in Figure 1 can be vital for patient compliance. Using a twofold experimental setup, we identified three chest positions for deriving estimates of standard ECG leads and respiration signals. By using 24 mm of horizontal inter-electrode distance, we effectively halved their spacing compared to other studies.
In the first experiment, we identified positions for estimating standard Einthoven (EH) leads based on the correlation coefficient (CC); D.II for EH.I (0.83 ± 0.06), C.I for EH.II (0.75 ± 0.19) and F.I for EH.III (−0.77 ± 0.12). These findings correspond to the literature in that leads in the direction of the electrical heart-axis and around the standard leads V1 to V4 provide a good signal quality.
We extracted respiratory signals using EDR and compared them with a reference with the MSC. Our results indicate that basic respiratory features such as a longterm average frequency can be obtained even from adverse positions. To assess their usability for derived features, we calculated the windowed respiratory frequency. We found higher position dependencies in the CC; C.II (0.73 ± 0.28), C.III (0.69 ± 0.28) and F.III (0.68 ± 0.33).
We evaluated the performance index given in Equation 3 which combines the ECG CC with the MSC and the CC derived from the respiratory signal and the respiratory frequency. The positions F.I (0.754), C.II (0.746) and G.II (0.743) scored best as shown in Table 4 .
In summary, we examined 27 positions on the chest for minimally spaced ECG recordings down to 24 mm inter-electrode distance. In addition to the correlation with standard ECG leads, we analyzed the applicability of EDR methods using a 15 position subset. Despite using a relatively small sample size, we found three distinct positions (F.I, C.II, G.II) which combine both good EDR quality and high correlations to standard Einthoven leads. Using this information will be critical in designing small-sized unobtrusive multi-purpose sensor systems. Future research may address recording additional signals using actimetry, body-sounds or reflective photoplethysmography, thus broadening the range of applications while maintaining a compact system design.
